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Observation of chronic inflammatory cells and associated high-level gamma interferon (IFN-g) production
in ganglia during herpes simplex type 1 (HSV-1) latent infection in mice (E. M. Cantin, D. R. Hinton, J. Chen,
and H. Openshaw, J. Virol. 69:4898–4905, 1995) prompted studies to determine a role of IFN-g in maintaining
latency. Mice lacking IFN-g (GKO mice) or the IFN-g receptor (RGKO mice) were inoculated with HSV-1, and
the course of the infection was compared with that in IFN-g-competent mice with the same genetic background
(129/Sv//Ev mice). A time course study showed no significant difference in trigeminal ganglionic viral titers or
the timing of establishment of latency. Spontaneous reactivation resulting in infectious virus in the ganglion
did not occur during latency in any of the mice. However, 24 h after the application of hyperthermic stress to
mice, HSV-1 antigens were detected in multiple neurons in the null mutant mice but in only a single neuron
in the 129/Sv//Ev control mice. Mononuclear inflammatory cells clustered tightly around these reactivating
neurons, and by 48 h, immunostaining was present in satellite cells as well. The incidence of hyperthermia-
induced reactivation as determined by recovery of infectious virus from ganglia was significantly higher in the
null mutant than in control mice: 11% in 129/Sv//Ev controls, 50% in GKO mice (P 5 0.0002), and 33% in
RGKO mice (P 5 0.03). We concluded that IFN-g is not involved in the induction of reactivation but rather
contributes to rapid suppression of HSV once it is reactivated.

Recurrent disease caused by herpes simplex virus type 1
(HSV-1) results from reactivation of latent virus in ganglia,
centripetal spread of the virus in axons, and viral replication at
mucosal sites. Experimentally, spontaneous reactivation of
HSV-1 occurs in some species, e.g., producing recurrent skin
lesions in the guinea pig model (32) or recurrent shedding
without clinical manifestations in the rabbit model (22). In
mouse models of HSV-1 infection, spontaneous reactivation
occurs rarely or not at all (33). However, diverse stimuli have
been shown experimentally to induce reactivation in the
mouse. These stimuli can be grouped under four headings: (i)
epithelial irritants such as UV light or physical skin damage
from dry ice burn, scarification, or other noxious stimuli (2, 3,
33); (ii) direct action on the ganglion itself in the form of
neurectomy or the use of neurotoxic agents such as cadmium
(10, 42); (iii) immunosuppressant or cytotoxic agents such as
cyclophosphamide or X-irradiation (24); and (iv) general sys-
temic insults stressing the whole organism, such as pneumo-
coccal pneumonia, hyperthermia, or cytokines such as inter-
leukin-6 and tumor necrosis factor alpha (16, 30, 38, 41).

The host mechanisms underlying spontaneous and induced
HSV-1 reactivation are not well understood but are probably
multiple, involving neural, endocrine, and immunological me-
diators, including a possible role of gamma interferon (IFN-g).
In addition to the production of an antiviral state, IFN-g has a

spectrum of immunoregulatory effects. These include its abil-
ities to activate macrophages, induce expression of major his-
tocompatibility complex (MHC) class II antigens, regulate the
proliferation and function of activated T cells, enhance NK cell
activity, and influence immunoglobulin isotype switching (1, 9).
IFN-g is produced by activated NK cells and certain T-cell
subsets, but its effects are ubiquitous, mediated via the IFN-g
receptor, with resultant induction of over 200 IFN-g responsive
genes. The IFN-g effect, then, varies depending on the target
cell and the microenvironment of other immunoregulatory me-
diators present. IFN-g secretion by T cells has been shown to
be critical in clearing HSV-1 skin infection (37), and in nervous
system tissue, it is likely that T cells limit HSV-1 infection by
noncytolytic mechanisms, focusing IFN-g and other antiviral
cytokines at sites of viral replication (36). However, there are
limited and conflicting studies concerning IFN-g in recurrent
HSV-1 infection. In support of a protective effect is the detec-
tion of higher levels of IFN-g in stimulated peripheral blood
mononuclear cells and in recurrent vesicles of patients with a
greater interval between attacks (6, 40).

We and others have reported inflammatory cells, both CD41

and CD81 lymphocytes and macrophages, persisting in latently
infected ganglia of mice along with high levels of IFN-g im-
munostaining surrounding some neurons in these ganglia (5,
12, 34). On this basis, we have speculated that IFN-g may act
as a modulator of HSV-1 latency. One way of assessing the
importance of IFN-g or other specific biological mediators in
HSV-1 infection is to exploit knockout or null mutant mice.
The present study used null mutant mice having the same
genetic background (129/Sv//Ev) but lacking IFN-g (GKO
mice) or lacking the IFN-g receptor (RGKO mice). We found
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that induced HSV-1 reactivation occurred more frequently in
IFN-g incompetent mutant mice than in the isogenic controls.

Evaluation of spontaneous reactivation in IFN-g incompe-
tent and control mice. It is well known that susceptibility to
HSV-1 varies according to mouse strain (19). The GKO mice
previously were available only in the C57BL/6 background (7),
whereas RGKO mice were available in the more susceptible
129/Sv//Ev background (13). In a prior study comparing HSV-1
infection in RGKO and GKO mice, we derived the IFN-g null
mutation in the 129/Sv//Ev background by using the AB-1 ES
cell clone 97E (7), obtained from Tim Stuart (Genentech, San
Francisco, Calif.) (4a). Thus, the IFN-g mutant mouse strains
used in our prior study and those used in this study differ
genetically only at the mutant locus.

To determine whether GKO and RGKO mice differ from
129/Sv//Ev controls in terms of infectious HSV-1 present in
ganglia during latency, anesthetized 6- to 8-week-old male
mice were inoculated with HSV-1 strain F (American Type
Culture Collection, Rockville, Md.) by placing 106 PFU con-
tained in 4 ml on the right cornea and scarifying the cornea
with a 27-gauge needle. Mice were euthanatized 30 to 60 days
after viral inoculation, the trigeminal ganglia corresponding to
the inoculated eye were removed, and cell homogenates pre-
pared from these ganglia were individually assayed for infec-
tious virus. In results from over 100 GKO, RGKO, and 129/
Sv//Ev mice, infectious HSV-1 was never isolated from these
ganglionic homogenates at the latent stage of infection (results
not shown). Infection in these mice was confirmed by (i)
HSV-1 shedding in the tear film at the acute stage of infection,
with a greater duration of shedding in the mutant mice than in
the controls (data not shown); (ii) development of periocular
hair loss and corneal clouding (also more pronounced in the
knockout mice than in the control mice); and (iii) demonstra-
tion of latent infection in 100% of the HSV-1-inoculated lit-
termates of these mice as shown by explanation of trigeminal
ganglia in culture for 72 h and detection of infectious virus in
cell homogenates prepared from these explants. (Unexpected-
ly, both left and right ganglia were found to harbor HSV-1,
despite inoculation of only the right eye.) Therefore, mice
lacking IFN-g or the IFN-g receptor do not have a persistent
infection after HSV-1 inoculation but develop latency just like
fully immunocompetent control mice. Moreover, once at the
latent stage, the IFN-g incompetent mice do not undergo
spontaneous reactivation resulting in detectable infectious
HSV-1 in the ganglia, although abortive spontaneous reactiva-
tion (e.g., Fig. 1F) may occur.

To evaluate whether reactivation occurs but is abortive (i.e.,
expression of viral antigens without infectious particles) or
below the sensitivity of detection of HSV-1 in ganglionic ho-
mogenates, paraffin-embedded trigeminal ganglia were sec-
tioned at 6 mm and HSV-1 antigens assayed by immunoperox-
idase staining 30 to 60 days after HSV-1 inoculation. For
immunostaining, the standard streptavidin-biotin immunoper-
oxidase technique was used with the kit from Vector Labs, Inc.,
Burlington, Calif. (5). Sections were hydrated with phosphate-
buffered saline (pH 7.4), and anti-HSV-1 rabbit serum was
added for a 1-h incubation at room temperature. After ampli-
fication (as described in the Vector Labs kit), the antibody-
antigen complex was detected by using 3-amino-9-ethylcarba-
zole as the red chromogen, and sections were counterstained
with hematoxylin.

In assays of over 20 sections of trigeminal ganglia from
GKO, RGKO, and control 129/Sv//Ev mice, immunoperoxi-
dase staining was detected in only one cell, a neuron, present
in a section from a GKO ganglion. This neuron was sur-
rounded by tightly clustered inflammatory cells, as shown in

Fig. 1F. A positive control ganglionic section from a ganglion
taken 4 days after inoculation of an RGKO mouse showed
HSV-1 antigens confined primarily in neurons (Fig. 1A). No
immunostaining was present in ganglionic sections from unin-
fected mice or from latently infected 129/Sv//Ev or RGKO
mice. It is likely that the chronic inflammatory cells reported in
prior studies of ganglionic sections at the latent stage (5, 12,
34) occur because of abortive spontaneous reactivation pro-
ducing rare, sporadic HSV-1 antigen expression, as detected in
the single latently infected neuron in a ganglionic section pro-
cessed from a GKO mouse (Fig. 1F).

Evaluation of hyperthermia-induced HSV-1 reactivation in
IFN-g incompetent and control mice. To determine if the
absence of IFN-g or the IFN-g receptor influences the fre-
quency of induced HSV-1 reactivation, GKO, RGKO, and
control 129/Sv//Ev mice were treated with hyperthermia 30 to
60 days after inoculation by the method of Sawtell and Thomp-
son (30) modified to maximize reactivation (38a). In brief,
mice were treated with 10 min of hyperthermia in a 43°C water
bath for three consecutive treatments with a 3-h recovery pe-
riod between treatments. Mice were sacrificed 24 h later, and
trigeminal ganglia were removed and assayed for infectious
virus in ganglionic cell homogenates.

The results in Table 1, combining four separate trials, re-
vealed a background rate of hyperthermia-induced reactiva-
tion of 11% in 129/Sv//Ev controls. The chi-square test showed
a statistically significant 50% higher reactivation in GKO mice
(P 5 0.0002 compared to 129/Sv//Ev controls) and 33% higher
reactivation in RGKO mice (P 5 0.03 compared to 129/Sv//Ev
controls). There was no statistically significant difference be-
tween the induced reactivation rates in the GKO and RGKO
mice.

Induced reactivation was also apparent in assays of gangli-
onic sections for HSV-1 antigen by immunoperoxidase stain-
ing. Two to four mice in each group (GKO, RGKO, and
control 129/Sv//Ev mice) were euthanatized at three time
points: just prior to hyperthermia, 24 h after hyperthermia, and
48 h after hyperthermia. The right trigeminal ganglion from
each of the mice was dissected and snap frozen in liquid ni-
trogen-cooled isopentane. Frozen sections cut at 5 mm were
used for detection of T cells (data not shown), but for in situ
hybridization (ISH) and detection of HSV antigens, some of
the ganglia were thawed and embedded in paraffin wax and
then sectioned. Blocks of paired ganglia from the three groups
were prepared, and 30 serial sections were obtained. Every
fifth serial section was stained by the immunoperoxidase tech-
nique for HSV-1 antigens, and every sixth serial section was
used for ISH for latency-associated transcripts (LAT). Figure 1
shows antigen-positive neurons in RGKO (Fig. 1B) and GKO
(Fig. 1C and D) trigeminal ganglion sections prepared 24 h
after hyperthermia treatment. In Fig. 1D, an antigen-positive
satellite cell juxtaposed to a neuron is present (arrow). Inter-
estingly, HSV antigen expression appeared to be confined to
the nucleus in some neurons (Fig. 1C). In general, antigen-
positive neurons were detected in at least two sections from
GKO and RGKO mice, but only a single positive cell was
detected in 129/Sv//Ev mice after hyperthermia treatment. As
with the spontaneous reactivating neuron in Fig. 1F, chronic
inflammatory cells clustered tightly around HSV-1 antigen-
positive neurons (Fig. 1B, C, and D). Interestingly, in some
GKO and RGKO ganglia assayed 48 h after induced reactiva-
tion, HSV-1 antigen tended to be found in surrounding satel-
lite and or infiltrating cells rather than exclusively in neurons
(Fig. 1E, arrows), suggesting intraganglionic spread of the re-
activated HSV-1 or HSV-1 antigens. Again, only a single pos-
itive neuron was seen in ganglia from 129/Sv//Ev mice assayed
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48 h after hyperthermic stress. HSV-1 replication was confined
primarily to neurons at the acute stage (day 4) of infection
(Fig. 1A), and no immunoreactivity was seen with ganglionic
sections from uninfected mice (data not shown).

Assay of IFN-g incompetent and control mice for degree of
HSV-1 infection. For a given HSV-1 strain, it has been shown
that inoculum size and, to a lesser extent, virus titers during the
acute ganglionic infection predict the latent viral genome bur-
den (18, 28). This latency burden, estimated variously as the

number of LAT-positive neurons, the number of neurons con-
taining HSV DNA, or the average HSV genome copy number
per neuron, is positively correlated with the frequency and
efficiency of reactivation (18, 28). There is a formal possibility
that induced reactivation occurs more often in GKO and
RGKO mice (Table 1) because acute HSV-1 replication was
enhanced and/or persisted in the ganglion, resulting in a
greater burden of latent HSV-1 than in control mice. To eval-
uate this possibility, the time course of acute ganglionic infec-

FIG. 1. Immunoperoxidase staining of HSV-1 antigen in trigeminal ganglion sections. (A) Acute HSV-1 trigeminal ganglion section 4 days after viral inoculation.
(B) RGKO trigeminal ganglion section and (C and D) GKO trigeminal ganglion sections 24 h after hyperthermia-induced HSV-1 reactivation. (E) GKO trigeminal
ganglion section 48 h after hyperthermia-induced reactivation. (F) Latent infection of a GKO mouse showing spontaneous HSV-1 reactivation. Magnifications, 310
(A), 320 (B and D), and 340 (C, E, and F). Images were further enlarged in PhotoShop for presentation. The arrows in panel E indicate HSV-1 antigen in satellite
and/or infiltrating cells.
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tion was determined in these three strains of mice. The results
in Fig. 2 show no difference in daily ganglionic HSV-1 titers
from day 2 to day 5 post-HSV-1 inoculation and no difference
in the time of latency entry (day 6). HSV titers in the three
mouse groups were compared statistically by fitting the total
plaque counts before day 6 to an overdispersed Poisson model.
The total homogenate volume was used as denominator in a
generalized linear model with log link and log volume as an
offset (21). Comparison of the right trigeminal ganglion fit with
and without the effect of strain using an F test produced a
result of F 5 3, P 5 0.07, which is not significant at conven-
tional levels. Furthermore, when a Kruskal-Wallis test (two
degrees of freedom) was used, neither day 2 nor day 3 titers
provided significant evidence of systematic variation among
the three strains. This result is consistent with our earlier study
showing very little difference in HSV-1 titer between RGKO
and control ganglia (5) and with the results of Geiger et al. (11)
that showed equivalent HSV-1 titers in the nervous systems of
C57BL/6 control and GKO mice inoculated with HSV-1, even
though the GKO mice developed encephalitis. Prolonged cor-
neal virus shedding at the acute stage of infection has been
reported in GKO mice (4), and we too have noted this in GKO
and RGKO mice compared to 129/Sv//Ev controls, even
though peak titers were not different in the three groups of
mice (data not shown). However, this persistence at the cornea
is not mirrored in ganglion or brain stem HSV-1 titers.

Evidence of latent HSV-1 ganglionic burden equivalency
comes from ISH studies of LAT during latency. Although
LAT-positive neurons are only a subset of the neurons that
harbor latent HSV genomes (20, 28), it has been shown in the
mouse ocular model that the number of LAT-positive neurons
correlates positively with the efficiency of reactivation (20).
Also, in a separate study, increasing the inoculum size resulted
in an increased latency burden and a higher rate of reactivation
(18). Although for distinct HSV-1 strains, the efficiency of
reactivation correlated with the HSV-1 genome copy number
per latently infected neuron (29), this was not the case when
LAT1 and LAT2 variants of the same strain were compared
(39). In this instance, reactivation efficiency correlated with the
number of latently infected neurons and there was no differ-
ence in latency burden per neuron. In the present study, LAT
foci were readily identified in the three groups of mice (Fig. 3).
With a sampling of five unselected sections more than 6 mm
apart, the number of LAT foci in all three groups ranged from
145 to 229, with greater variability recorded within a group
than between groups. Similar results suggesting equivalency of
LAT foci were obtained in a screening study of latently in-
fected trigeminal ganglia of GKO mice in the C57/BL6 back-
ground compared to control C57/BL6 mice (20a). To strictly

exclude small quantitative differences in the number of LAT
foci would require sectioning of the entire ganglion and, be-
cause of variability of infection, use of multiple animals in the
three groups.

Conclusions. Spontaneous HSV-1 reactivation leading to
detectable virus in ganglia was not seen in GKO and RGKO
mice. Therefore, it is unlikely that IFN-g controls the reacti-
vation process itself. However, after hyperthermia, there is a
higher frequency of reactivation in the IFN-g-incompetent
mice, as detected by assay of viral antigens or infectious virus.
We attribute this higher frequency to a controlling effect of
IFN-g on the virus immediately after reactivation. Similar re-
sults were obtained in a recent study of murine cytomegalovi-
rus showing that IFN-g controls reactivation by blocking the
growth of low levels of reactivated virus rather than influencing
the reactivation process itself or the burden of latent DNA
(26). Another explanation for our results is the possibility of a
greater burden of latent DNA in the ganglia of null mutant
mice, leading to a higher frequency of induced reactivation (18,
20). Since the difference in detectable reactivation is quite
large (fivefold greater in GKO mice than in controls), one
would anticipate that the difference in latency burden also
would be large, in analogy to published studies comparing the
latency burdens in HSV-1 and HSV-2 strains which differ in
reactivation efficiency (18). However, we found equivalent
number of LAT foci in GKO, RGKO, and 129/Sv//Ev mice. In
our study using a fixed inoculum size, equivalent acute-phase
titers were obtained in the eyes and ganglia of the three groups
of mice. Hence, the source of virus that could result in the
hypothetical increased latency burden is not clear (14). To
rigorously evaluate the possibility of an increased latency bur-
den, a separate study would be required to compare the HSV
genome copy number per latently infected neuron for the three
mouse strains (GKO, RGKO, and 129/Sv//Ev) (28, 29).

In summary, from these results, we infer that IFN-g sup-
presses replication of HSV-1 soon after reactivation. Because
cytokine effects are short range (17, 27), we would predict that
effector cells secreting IFN-g and other cytokines should be
focused at sites of reactivation, and indeed, we observed a
characteristic halo of mononuclear inflammatory cells sur-
rounding reactivating HSV-1 antigen-positive neurons (Fig. 1B
to F). Prior studies have shown that CD81 T cells control

FIG. 2. Time course of trigeminal ganglion (Tg) HSV-1 titers after inocula-
tion of 129/Sv//Ev, GKO, and RGKO mice by the corneal route. Line segments
show mean numbers of plaque-forming units (PFU) for each day. Symbols show
individual mice with a horizontal offset to distinguish strains and a diagonal offset
to distinguish identical points.

TABLE 1. Hyperthermia-induced HSV-1 reactivation in male 129/
Sv//Ev, GKO, and RGKO mice

Expt
no.

No. of mice with reactivated virus/no. tested (% with
reactivated virus)a

129/Sv//Ev GKO RGKO

1 1/8 (13) 5/12 (42) 4/10 (40)
2 1/7 (14) 5/12 (42) 1/10 (10)
6 2/10 (20) 5/10 (50) 4/10 (40)
7 0/13 (0) 5/6 (83) 4/10 (40)

Total 4/38 (11) 20/40 (50) 13/40 (33)

a By chi-square test, P 5 0.0002 for GKO mice and 0.03 for RGKO mice
compared to 129/Sv//Ev mice.
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HSV-1 during acute infection through a nonlytic mechanism(s)
most likely involving secretion of cytokines (35, 36). Although
we did not immunophenotype the infiltrating cells around re-
activating neurons (Fig. 1), it is reasonable to speculate that,
analogous to the acute HSV-1 infection, T cells may control
reactivated HSV-1 infection by secretion of IFN-g and other
soluble effectors. Spontaneous abortive reactivation events, as
noted here (Fig. 1F) and in earlier reports of PCR and immu-
nohistochemical studies, presumably drive the chronic inflam-
matory response, including CD41 and CD81 T cells in the
ganglion during latency (5, 12, 34). It is these resident inflam-
matory cells, dispersed throughout the ganglion during latency,
which rapidly home to reactivating neurons and control reac-
tivated HSV-1.

Important questions to be addressed in future studies in-
clude identification of other cytokines and or chemokines in-
volved and how they act to suppress HSV, the T cell, or other
effector cell types involved and elucidation of how HSV-1
antigens expressed in reactivating neurons are recognized by
inflammatory T cells, given that neurons are incapable of an-
tigen expression because they are deficient in MHC class I or
II antigens (15). Speculative mechanisms that might account

for HSV-1 antigen presentation include expression of MHC
antigens by neurons in vivo under special circumstances (23,
25) or recognition of HSV-1 antigens independent of MHC
restriction, as shown recently for gd T cells (31). Alternatively,
HSV-1 antigens such as VP22, which has the unique ability to
spread from the cell of synthesis (8), may be actively exported
or traffic naturally to adjacent MHC-expressing satellite cells
capable of antigen presentation. This is the first report to show
that IFN-g is important for controlling in vivo-reactivated
HSV-1 and thereby contributes to the maintenance of virolog-
ical latency, meaning the absence of infectious HSV-1 in the
ganglion as opposed to molecular latency, which is manifested
as repression of viral gene expression at the cellular level.

We thank Richard Thompson for advice about the in vivo HSV-1
reactivation procedure.
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